Abstract: Carbonic anhydrase is an enzyme of interest for many biotechnological developments including carbon sequestration. These applications often require harsh conditions, so there is a need for the development of thermostable variants. One of the most thermostable human carbonic anhydrase II (HCAIIts) variants was patented in 2006. Here, we report the ultra-high resolution crystal structure of HCAIIts. The structural changes seen are consistent with each of the six mutations involved acting largely independently and variously resulting in increased H-bonding, improved packing, and reduced side chain entropy loss on folding to yield the increased stability. We further suggest that for four of the mutations, improvements in backbone conformational energetics is also a contributor and that considerations of such conformational propensities of individual amino acids are often overlooked.
Introduction
Carbonic anhydrases are ubiquitous enzymes responsible for catalyzing the reversible hydration of carbon dioxide to bicarbonate (reviewed in Ref. 1) . In humans, they are essential for physiological processes such as regulating eye pressure, maintaining blood pH, and supporting bone growth. Carbonic anhydrases are also of interest as a biocatalyst for biomedical devices such as artificial lungs and industrial applications such as carbon sequestration. 2, 3 These applications generally require conditions such as high heat or harsh solvent and thus would benefit from a more stable and robust carbonic anhydrase. While carbonic anhydrases from thermophilic organisms have been pursued for these applications, 2 human carbonic anhydrase II (HCAII), the most studied carbonic anhydrase, is still a primary focus of these efforts. In pursuit of these applications, we were pleased to discover a fully active thermostable human carbonic anhydrase II (HCAIIts) variant described in the 2006 Canadian Patent 2,541,986.* HCAIIts combines six mutations discovered via random mutagenesis that individually increased thermostability. Taken together, the sextuple mutant (A65T, L100H, K154N, L224S, L240P, A248T) remains >85% active after 2 h at 658C, while wild-type HCAII is <15% active after 2 h at 558C. This variant has not been further described in the literature, but a set of structural and kinetics studies were carried out on a series of variants containing three of the six mutations that involved non-polar surface residues (L100H,  L224S, L240P   4 ). Here, we present the crystal structure of HCAIIts and insights into the origins of its increased stability.
Results and Discussion

Ultra-high resolution structure of HCAIIts
HCAIIts grew crystals distinct from existing HCAII PDB entries (671 entries as of 9/17/2017), and these crystals diffracted well enough to yield a structure at 0.90 Å resolution with R and R free < 14.5% (Table  I) . There is one chain in the asymmetric unit with residues 4-267 of 267 residues † modeled, showing the expected fold for the HCAIIts portion and a Cterminal His tag (residues 262-267) that forms a helix (Fig. 1) . The active site zinc is present at 20% occupancy; at 80% occupancy, a water sits 1.1 Å away at a position matching that seen in a structure of apo-HCAII (PDB 2CBE). Soaking HCAIIts crystals with ZnCl 2 increased the zinc occupancy and supplementing Escherichia coli cultures with ZnCl 2 during protein expression resulted in purified recombinant HCAIIts with greater zinc occupancy (data not shown). The structure of this thermostable mutant largely agrees with previously described structures with a C a -RMSDs of 0.34 Å to wild-type HCAII (PDB 3KS3) and of 0.38 Å to the structure of the variant containing three of the six mutations (PDB 3V3F). At the sites of these three mutations, the changes seen in our structure match well with those seen in PDB 3V3F, consistent with the expectation that the effects of the mutations are largely structurally independent.
Notable structural features associated with the six mutations
Here, we briefly describe the structural changes at each of the six mutation sites, three of which were previously described. 4 In addition to observations about changes in interactions, where relevant, we will comment on changes related to backbone conformational energetics using the assumption that it is energetically favorable for a residue that rarely adopts a certain conformation to be replaced by a residue that commonly adopts that conformation (see Refs. 7 and 8). It is common practice to account for this when glycine 9,10 and proline [9] [10] [11] [12] residues are involved in a mutation (as they have such uniquely expansive or limited u,w-space variability, respectively), but also applies for the other 18 amino acids which have notable differences in their u, w distributions and therefore energetics. We assessed this qualitatively by simple inspection of a set of published u,w-probability plots.
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Ala65 is located in a surface pocket, and in A65T [ Fig. 2(A) ], Thr65 fills available space with otherwise minimal structural perturbation. In wildtype, Phe66-NH and Phe95-O weakly H-bond with waters, and in A65T, Thr65-Og forms better Hbonds with both these atoms. The nearby water that weakly interacts with Phe66-NH shifts slightly while maintaining strong H-bonds with Phe95-NH and Phe66-O. The change also is favorable in terms of the backbone conformation of the residue (u,w 21608, 21758). Thr is favorable in this conformation because, as seen here, its Og can form an H-bond with the subsequent backbone NH. Leu100 is exposed and sticks out into solution, and in L100H [ Fig. 2(B) ], the His packs better onto the surface of the protein to bury a greater surface area. In addition, as noted by Fisher et al., 4 His Nd1
forms an H-bond with Gly102-NH which was partly occluded by Leu100-Cb and had no H-bond acceptor in the wild-type structure. The change also is favorable in terms of the backbone conformation of the residue (u,w 21558, 1658), which as seen in u,w-probability plots tends to be more populated by aromatic residues.
Lys154 is mostly buried near the start of a helix. In K154N [ Fig. 2(C) ], Asn154-Od1 forms H-bonds with Gly156-NH and a water, and Asn154-Nd2 forms Hbonds with Ser217-O and a water. In wild-type, Gly156-NH and Ser217-O formed H-bonds with waters, but in HCAIIts, they shift 0.5 Å and 1.5 Å , respectively, to improve the H-bond geometry with the Asn154 sidechain. Interestingly, residues 154 and 155 adopt a common helix N-cap motif (the ba.2 (u,w) 2 -motif in Ref. 14) which strongly prefers Asn or Asp at this position so the mutation creates a canonical capping motif. Also, Asn has a greater propensity to occupy this particular conformation (u,w 21158, 1108). Leu224 is on the protein surface in an a-helix. As noted previously, 4 in L224S [ Fig. 2(D) ] the Ser adopts two conformations, with the A conformation H-bonding with Glu221-O (in place of a intermolecular H-bond with water in wild-type), and the B conformation forming an additional H-bond with Ser220-O and a new water. Leu240 is also on the protein surface. As reported previously, 4 it fortuitously has u,w-angles (-558, 1408) that are compatible with Pro, introducing no backbone strain. In addition, we note that Pro has a greater propensity to occupy this u,w region. Furthermore, in L240P loss of the Leu side chain opens a hydrophilic surface pocket and allows an ordered water to form new bridging H-bonds between Arg227-O and Leu229-O and minor adjustments in the surrounding water network and side chain positions are observed [ Fig. 2(E) ]. In this substitution, a stabilizing effect is also imparted by chain entropy, as Pro has much less conformational freedom to lose on folding.
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Ala248 is also on the protein surface, and in A248T [ Fig. 2(F) ], Thr248-Og points out into solvent and H-bonds with ordered waters also present in wild-type. Importantly, the Cg-atom is buried and fills a largely non-polar cavity (packing against Pro30, Val31 (Ca, C), His107 (Ca), and Thr108) remarkably well with no disruption to the surrounding structure.
Insights into the origins of thermostability
Per information in the patent, the six mutations contribute to the stabilization of HCAIIts in the order A248TL224S > L240PA65T > L100H > K154N. From the structure, we can see for each mutation the ways in which it adds favorable contributions to protein folding, especially the burial of additional hydrophobic surface (A248T, L100H), improved satisfaction of H-bond donors or acceptors (L224S, L240P, A65T), decreased loss of conformational entropy on folding (L240P), and lowered backbone strain (A65T, L100H, K154N, L240P) while minimally perturbing the local structure. For none of the mutations is there evidence that flexibility changes make notable contributions to thermostability. Additionally, the distance of these mutations from the active site and each other along with the fact that they only cause very localized and minimal structural changes explains how these mutations act independently to increase stability and how they do it without compromising the enzyme activity.
Extensive effort has been invested into defining the principles underlying protein thermostability, and the conclusion has been that thermostability is typically the sum of many small factors (such as those listed above that are seen to be at play in HCAIIts) rather than any single "silver bullet" property. [15] [16] [17] At this point, our understanding of these factors, including more subtle details like which residues are best suited for certain u,w conformations, is sufficient to design from scratch very thermostable proteins with melting temperatures on the order of or greater than 1008C. 18, 19 In this study, we have not uncovered any new contributions to thermostability, but do provide additional evidence for the often overlooked and infrequently exploited use of conformational propensities of individual amino acids in generating stabilized variants. This ultrahigh resolution structure provides a clear picture of the factors at play in HCAIIts, while providing foundational information that will be useful for groups wanting to use thermostable HCAII variants in technology development.
Materials and Methods
Expression, purification, and crystallization
A gene for recombinant C-terminally His-tagged HCAIIts, codon-optimized for expression in E. coli, was put into a pBad expression vector; the protein was expressed and purified according to standard protocols 20, 21 with further purification by size exclusion chromatography using a HiLoad 16/600 Superdex 75 pg (GE) with isocratic elution in 10 mM HEPES pH 7.0. The protein was stored at 48C in 10 mM HEPES pH 7.0 at 30 mg/mL (quantified using Bradford assay with BSA as a standard), and crystallized at 48C in hanging drops (reservoir: 50 mM Tris pH 8.0, 2.5 M ammonium sulfate). Crystals grew in clusters of plates which were separated for data collection.
Crystallography
Crystals were mounted in loops from artificial mother liquor containing 20% glycerol and plunged into liquid nitrogen. 3608 of data were collected at cryo-temperatures from five crystals at beamline 5.0.2 at the Advanced Light Source. Lower resolution data were collected from one (1 s/image, Du 5 18, detector 5 150 mm), and for the other four the detector was vertically offset by 130 mm to obtain higher resolution data (3 s/image, Du 5 0.58; detector 5 160 mm). Data were processed using XDS 22 and the CCP4 program suite. 23 Based on visual evidence of decay, for the crystals 1 through 5, only the first 335, 253, 94, 67, and 243 images, respectively, were included. A CC 1/2 cutoff criteria 24 of 0.2 after merging was used to define the resolution cutoff of 0.90 Å , and a random 5% of reflections in resolution bins were marked for cross-validation (Table I) . As a point of comparison for previously conventional cutoff criteria, the resolution at which <I/r> 2 is 1.05 Å . The structure was solved using molecular replacement with wild-type HCAII (PDB 1CA2), with model building being done in Coot, 25 and refinements carried out using Phenix 26 with unrestrained individual anisotropic B-factors.
Accession number
Coordinates and structure factors for HCAIIts have been deposited in the Protein Data Bank with the accession number 6B00.
